T he structure of nanofibers from polymers is expected to bring about unique mechanical, electrical, and optical properties, which are different from bulk materials similarly to the nanoscale versions of many metals or semiconductors. Polymer nanofibers should be considered as essential "building blocks" of the nanoscale toolset along with a large variety of inorganic "building blocks" well-known in materials science, which include nanoparticles, nanowires, carbon nanotubes (CNTs), graphene, and clay nanosheets. Liquid dispersions of polymer nanofibrils analogous to those obtained for all the other inorganic nanoscale components (INCs) would be most useful for the functional design of nanocomposites and metamaterials. Variable permutations of organic components in the forms of molecular solutions or nanofiber dispersions and INCs will make possible property sets which are currently considered to be difficult or impossible to obtain. 1, 2 However, the choice of polymer nanofiber dispersions is limited at best or not known for most polymers. Compared to dispersions of INCs this is virtually a virgin territory for both chemical and materials research. Polymeric nanofibers are typically produced by electrospinning, 3 drawing, 4 template synthesis, 5 phase separation, 6 and self-assembly. 7 Electrospinning is probably the most widely used method for generating polymeric nanofibers with controlled diameters (from several nanometers to micrometers). This method is very useful for generation of solid nanofiber mats from many different polymers with typical diameters from tens of nanometers to tens of micrometers, but not for very small fibers comparable with CNT diameters or nanofiber dispersions. One can also obtain polymeric nanofibers by template synthesis, for instance in solid oxide matrices followed by their dissolution. 8, 9 This approach can be modified for the preparation of multisegmented polymerÀmetal nanorods of interest for electronic devices, 10, 11 but it is limited by only a few available templates, relatively large diameters exceeding 50 nm, and is restricted to the interfacial localization of the nanofibers. The yield of the nanorods made from templates is also very small. The small amounts of material that can be produced and the inability to disperse nanofibers in liquid media are also characteristic for many nanofibers made by interfacial reactions. Many examples can be seen for electropolymerized nanofibers of conducting polymers, such as polyaniline nanowires, which typically produce fibrils with diameters of 50À70 nm. 12 There are also techniques for making polymeric nanofibers by phase separation, 6 or interfacial polymerization. 13, 14 They can be convenient for preparation of solid porous materials, but are difficult to use as a general source of nanoscale organic components for materials design. The nanofibers made in this way often exceed 30 nm in diameter. An interesting technique that avoids the interfacial restrictions typical for the methods discussed above is the method of selfassembly of purposely designed organic surfactants. 7 This method can be compared to the assembly of inorganic nanoparticles, 15 and leads to smaller fibers with diameters of less than 10 nm. Some of the selfassembled organic fibers can be made in a dispersed state instead of the more common gels. 16 Although the synthesis of the corresponding surfactants requiring a combination of hydrophilic and hydrophobic blocks is quite complex, these nanofibers are quite interesting for biomedical applications as cell-growth matrices. 17 At the same time, they represent a substantial departure from the idea of polymeric nanofibers with predominantly axial orientation of molecular strands as obtained, for instance, by electrospinning. The radial orientation of the amphiphilic units and small area of interactions between them are not necessarily optimal for mechanical, electrical, and optical properties. A unique case for dispersions of polymeric nanofibers is represented by cellulose. 18 A high activity in this area, a large variety of surface modifications, and a lot of interesting materials made from them 19À22 provide a great example of what might be possible for other polymeric nanofibers, especially for those with much better control of molecular structure. Acid hydrolysis is typically used for the production of cellulose nanofibers. Negative surface charge makes them easily dispersible in aqueous solvents. 23 Cellulose nanofibers are available in diameters between 3 and 30 nm depending on the particular source (such as wood pulp) 24 of the macroscale version of the material and on the subsequent series of treatments. 24, 25 Despite the large variety of potential sources of cellulose, the resultant nanofibers may not be ideal choices for many different applications. Their typical low aspect ratios and molecular rigidity compared with CNTs could diminish the advantage of nanofibers for effective stress-transfer in composites and the inherent hydrophilicity could result in the weak interactions with hydrophobic matrix materials. 26 When combined with
INCs, their stiff molecular structures originating in packing of cyclic blocks of sugars revealed a problem 27 and therefore, the structural control and tunability of intermolecular interactions that comes with synthetic polymers is important. One can see that there are no known examples of dispersions of synthetic polymer nanofibers in size matching those of CNTs, nanowires, nanoparticles, and other INCs. There are three principal reasons we believe that finding methods for their preparation and utilization of a broader nanotechnology toolbox would be essential for further development of nanomaterials.
( These practical reasons as well as the academic novelty of polymeric nanofiber dispersions in general and the research challenge of making polymeric structures with controlled association with each other prompted us to look for new synthetic approaches to such polymeric materials. As such, in this paper we demonstrate that careful dissociation of a macroscale version of Kevlar leads to the nanofiber form of this polymer. Indefinitely stable dispersions of uniform high-aspect-ratio aramid nanofibers (ANFs) with diameters between 3 and 30 nm controlled by the media composition and up to 10 μm in length were successfully obtained. Their morphologies reveal some similarities with carbon nanotubes and further research is likely to reveal more of such similarities. ANFs can also be processed in transparent thin films using layer-by-layer assembly (LBL) with superior mechanical performance.
RESULTS AND DISCUSSION
Kevlar is a well-known ultrastrong para-aramid synthetic macroscale fiber with a high tensile strength-toweight ratio. 28, 29 Typical threads and fibers of Kevlar consist of long molecular chains produced from PPTA (poly(paraphenylene terephthalamide)) between which there are interchain bonds making the material extremely strong and stiff with a tensile strength 3.6 GPa and modulus of ∼90 GPa, 30 comparable to the properties of CNT fibers. 31, 32 Despite the fact that Kevlar processing ARTICLE might have involved the polymer in the nanoscale state, Kevlar fibers were never associated with nanoscale building blocks of composites. The formation of nanoscale versions of aramid fibers was never experimentally observed or theoretically predicted before. Instead of the traditional synthesis from monomers used in many other methods of preparation of nanofibers, 3À7 which can also be described as the bottom-to-top approach analogous to the terminology used in many nanoelectronic devices, alternative approaches must be explored for making polymeric structures that would satisfy the needs of both hybrid composites from INCs and multifunctional organic coatings. Importantly, the strength of polymeric components can come not only from the strength of individual polymeric chains but also from their assemblies, which, in turn, underscores the significance of the preparation method. Distribution of stress over multiple polymeric chains allows one to avoid stress concentration at particular bonds, which is the most daunting problem of molecular design of new ultrastrong polymers. Taking this further, we decided to use the so-called top-down approach reminiscent to that being used for cellulose 18À26 to prepare suitable polymeric components from macroscale fibers of synthetic polymers, which are known to have high mechanical strength but are processed in a form incompatible with INCs or other polymers. 
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aramid films by casting the PPTA solution followed by water immersion 35 or thermal decomposition. 36 In all these studies, the nature of the solution was not studied, and it was assumed that the solution consisted of polyanions, which was probably only partially correct. Analyzing these works we realized that fine control over the deprotonation and dissolution process can lead to nanoscale fibers because the balance between electrostatic repulsion and attraction due to πÀπ and van der Waals interactions must lead to nanoscale version of this material. Notably in many ways the balance of forces and the process itself would be similar to the methods of preparation of graphite dispersions with intermediate step of charged graphene oxide. One could expect that the nanometer-scale forms of Kevlar fibers would possess equally high or better strength, stiffness, toughness, and possibly other properties. Nanoscale fibers will allow the distribution of stress over many polymer chains and multiple bonds. This will avoid fast breakage of the weakest bond(s) taking place in nonassembled polymer chains. High temperatures are known to induce the depolymerization of Kevlar, 35 so we decided to employ a different method of Kevlar dissolution than those used before, which allows for processing to be done at room temperature with minimal reduction of the molecular weight of aramid chains. It was found that the dissolution of Kevlar threads or fabric in KOH splits the bulk macroscale fibers into nanoscale fibers ( Figure 1 ). This process is likely to occur by abstraction of mobile hydrogen from >NH groups and substantial reduction of the strength of hydrogen bonds between the polymer chains (Figure 1f ,m), while increasing electrostatic repulsion. Importantly, the extent of this destruction is limited and does not appear to proceed down to the level of individual polymer chains. Complete disintegration of the fibers into individual chains is counteracted by hydrophobic attraction and πÀπ stacking in the polymer backbone. The diameters of ANFs after the dissolution of Kevlar fabric are 20À 30 nm (Figure 1a,g ). These diameters decrease with the addition of greater amounts of water (Figure 1bÀd , hÀj), reaching 5À10 nm when the volume ratio of water to DMSO is 1:40 (Figure 1d,j) . From the materials perspective this is quite remarkable and very convenient for processing into composites although will require further studies. The length of these fibers appears to be in the range of 5À10 μm (Figure 1l ). ANFs are thicker than single-walled CNTs, which are typically about 1 nm in diameter and several micrometers in length. ANFs are thinner and longer than the cellulose fibers, which are 5À15 nm in diameters and 200 nm to several micrometers in length. 37 Abundance of polar functional groups on ANFs provides additional instance CNTs, to obtain effective stress transfer is impeded by insufficient flexibility as indicated by multiple recent studies. 43À46 Their sensitivity to humidity could also be problematic. 42 2. ANF Multilayer Assembly. The availability of dispersions makes it possible to utilize a variety of different materials design techniques based on simple liquid processing. 47À51 The layer-by-layer (LBL) assembly technique is probably the most versatile method for the preparation of organicÀinorganic composites with enhanced mechanical parameters. 52 Among other methods of composite synthesis, LBL is advantageous due to intrinsically strong interactions between the components and great uniformity of the resulting materials.
Successful examples of LBL composites with exceptional mechanical properties include several INCs. 53, 54 It is essential to demonstrate that ANFs can be assembled in LBL systems. It was found that the ANF fibers were both dispersed and ionized in polar solutions and are therefore likely to be suitable for LBL processing. LBL assembly of ANFs was accomplished by using a traditional LBL dipping; however, only the first layer was PDDA and therefore will be denoted as PDDA/ANF n where n is the number of dipping cycles in ANF dispersion. The ANFs are fairly uniformly packed on the surface of glass slide during LBL assembly (Figure 2c,d) . The gradual growth of ANF multilayers was monitored by ellipsometry and UVÀvis absorption spectra. The growth of PDDA/ANF n multilayers is nearly linear with the first 10 layers reaching a film thickness of about 16 nm (Figure 2a ). This gives a thickness increment for each LBL layer of 1.6 nm, which corresponds to fairly loose two-dimensional packing of ANF in each adsorption cycle, as can be seen in the AFM image of Figure 1l . 
As more LBL cycles were applied, the enhancement of an absorption peak at around 330 nm, which is characteristic of Kevlar, was observed in the UVÀvis spectrum (Figure 2b ). Note that although the initial adsorption of negatively charged ANFs on positively charged PDDA can be attributed to electrostatic interactions, intermediate rinsing with water is expected to regenerate the H þ on the aramid macromolecules removed by KOH (Figure 1f ) and near-electroneutrality of the ANFs. At this moment, stability of ANF films outside of KOH is attributed primarily to aromatic stacking interactions and hydrogen bonding between the multilayer components (Figure 1m ), which are also believed to be the main interactions between individual nanofibers. van der Waals interactions are also expected to contribute to the mechanical integrity of the fibrous network. The successful reconstruction of aramid films with the inclusion of ANFs during the LBL process can be confirmed by Raman scattering (Figure 3a) . The Raman spectra of the original macroscale Kevlar material are similar to the results reported before, 55 but they are drastically changed after the dissolution in KOH DMSO solution (Figure 3a , see Supporting Information Table S1 for band assignment). These changes disappear after the construction of the ANF films, and the Raman spectra of our final films are nearly the same as those of the original Kevlar fibers (Figure 3a) . Identification of molecular structures of ANFs in the film was also confirmed by IR spectra (Figure 3c ). Compared with Kevlar macrofiber, 56 the intensity and sharpness of IR peaks (for example, NÀH stretching vibrations) is decreased due to broader distribution of bond lengths and surface states of the fibers. XRD measurements also show broadening of characteristic Kevlar peaks (Figure 3b ), which can be assigned to 
where D is the size of crystallites, λ is the wavelength of X-ray beam used in diffraction experiments, β is the line broadening at half the maximum intensity, θ is the Bragg angle, the diameter of the nanofiber can be calculated to be ca. 4.3 nm based on the broadening of (200) reflection obtained after Gaussian peak fitting. This size of crystalline domains matches really well with the diameter of ANF from TEM observations (Figure 1e ) and indicates that the nanoscale fibers retain substantial crystallinity despite reduction in diameter. This fact is also indicative of the retained mechanical properties characteristic of macroscale Kevlar fibers.
3. Physical Properties. The ANF LBL films are transparent allowing for potential use in ultrastrong surface coatings (Figure 4a ). They can also be easily peeled from a surface by HF etching 58 (Figure 4c inset) . SEM images indicated that a PDDA/ANF 300 film has a thickness of about 580 nm (Figure 4b ), which is comparable to the results of ellipsometry measurements (Figure 2a ) and suggests that the average ANF layer is about 1.9 nm thick. Thermogravimetric analysis (TGA) of PDDA/ANF 300 (Figure 4c ) is similar to the bulk Kevlar material. 28 This is very encouraging because heat-resistant, flexible, transparent films represent a bottleneck for many applications in flexible electronics and flexible photovoltaic cells based on semiconductors with high electron/hole mobility. 59 It is expected that PDDA/ANF n films will be elastically orthotropic, with the in-plane and out-of-plane properties being different as is the case with clay and many other multilayers. 60, 61 Brillouin light scattering (BLS)
is a convenient method to determine the orthotropic moduli. 62, 63 The in-plane and out-of-plane longitudinal moduli were determined to be 22 ( 1.2 and 11.8 ( 0.6 GPa, respectively ( Figure 4d , Table 1 ). A higher inplane modulus is expected as ANFs are spread on the substrate with axes parallel to the plane. PDDA/ANF n films outperform a well-known high-performance polymeric coating material, that is, polyimide thin film with 17.7 GPa in-plane longitudinal modulus and 7.7 GPa out-of-plane longitudinal modulus recently probed by a similar technique. 63 These mechanical properties of PDDA/ANF n films also exceed those for cellulose nanofibers 38À46 with no effect of humidity that greatly reduces the performance of cellulose LBL films. 42 Furthermore, the Young's modulus is 10À20 times higher than that of aligned cellulose fibers and CNTs.
43À46
The compression stiffness and hardness of the ANF LBL films were estimated using a Berkovich nanoindenter at various indentation depths. Care was taken to ensure that the depths of the indentations were shallow enough to avoid significant influence from the substrate, which was indeed detected at greater penetration depths ( Figure 5 and Supporting Information Figure S1 ). The tests revealed a hardness of 0.46 ( 0.04 GPa (Figure 5c , Table 1 ) for our film, which is higher than some high-strength polymers, such as isotactic polypropylene (H = 0.125 GPa) and high-density polyethylene (H = 0.06 GPa). 
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The Young's modulus was obtained using the continuous stiffness measurement technique of Oliver and Pharr 65 during both the loading and unloading portions of the indentation. The film was found to have a modulus value of 9 ( 1 GPa (Table 1) , and the value appeared not to be affected by the substrate for indentation depths of less than 200 nm (Figure 5d ). The modulus of the films was higher than the 5.5 GPa reported for a cast film of pure Kevlar. 35 This
indicates that the preparation of ANFs is indeed advantageous for preparation of high-performance materials. Solvent-based LBL process is particularly effective at producing reasonably dense and better ordered arrays of the nanofibers, compared with the casting technique. The modulus is also higher than the reported elastic modulus obtained from nanoindentation of various uniaxial anisotropic polyimide films, which were in the range of 5À7 GPa. 66, 67 Since BLS measures the longitudinal modulus, the corresponding Young's modulus can be extracted, 68 assuming a Poisson's ratio of 0.25, 69 resulting in a value of 9.8 ( 0.5 GPa, which compares remarkably well with the nanoindentation measurement of 9 ( 1 GPa.
CONCLUSIONS
Negatively charged, uniformly sized ANFs can be prepared in DMSO media by controlled deprotonation with KOH. The diameter of the fibers can be effectively controlled by the addition of water. Such dispersions represent the first example of nanofiber dispersions of synthetic polymers. They are suitable for making nanoscale materials using many techniques and can be considered as new nanoscale building blocks for ultrastrong materials. They also reveal intriguing similarities to CNTs in respect to morphology and mechanical behavior in polymer composites. As a potential direction of future research, evaluation of the mechanical properties of individual ANF to compare those to carbon nanotubes would be quite interesting from both fundamental and practical perspectives. We believe that the method demonstrated here provides a way to prepare ANF-based high-performance films and to incorporate ANFs into multifunctional films lending its outstanding mechanical properties to the resulting hybrid material(s).
EXPERIMENTAL SECTION
Preparation of Aramid Nanofiber Solutions. One g of bulk Kevlar 69 (from Thread Exchange, right twist) and 1.5 g KOH were added into 500 mL of dimethyl sulfoxide (DMSO) which was magnetically stirred for 1 week at room temperature forming a dark red solution of ANFs. For the preparation of ANF films, the microscope glass slides used in LBL assembly were cleaned in piranha solution (3:1 H 2 SO 4 /H 2 O 2 ) for 24 h, followed by thorough rinsing with deionized water prior to use.
LBL Assembly of Aramid Nanofibers. A clean piece of glass slide was first dipped into 1% poly(diallyldimethylammonium chloride) (PDDA) solution for 1 min and rinsed with water for 2 min before air drying. As the piranha solution treatment leaves the surface of the substrate negatively charged which results in electrostatic repulsion of ANFs with the same charges, the initial layer of PDDA is essential for film growth, without it no Kevlar is observed on the substrate. The PDDA coated glass slide can then be used for the deposition of ANFs. The PDDA coated glass slide was dipped into the Kevlar DMSO solution for 1 min and rinsed with water for 2 min before air drying and this sequence of steps was repeated 300 times. The film is easily peeled from the substrate by immersing in 1% HF solution.
Instruments and Testing. Atomic-force microscopy (AFM) experiments were performed in tapping mode using a NanoScope IIIa (Veeco Instruments, Santa Barbara, CA). The sample for AFM testing was prepared by immersing a PDDA-coated silicon wafer into Kevlar DMSO solution followed by water rinsing and air drying. Transmission-electron microscopy (TEM) characterizations of Kevlar/DMSO diluted aqueous solutions were obtained using a JEOL 3011 high-resolution electron microscope. One drop of the different solutions was placed on the surface of a copper grid coated with carbon and dried in the oven at 110°C before testing.
For TEM observation of the single bilayer PDDA/ANFs, a TEM grid was coated with PDDA and then with ANFs using an LBL assembly process similar to that used with the glass slides. Scanning-electron microscopy (SEM) images were obtained from a gold-coated film using an FEI Nova NanoLab dual-beam FIB and scanning electron microscope. The LBL film growth was monitored using an 8453 UVÀvis ChemStation spectrophotometer (Agilent Technologies) with a fresh, piranha-cleaned glass slide used as a reference. Ellipsometry measurements were obtained using a BASE-160 spectroscopic ellipsometer (J. A. Woollam Co., Inc.). The samples used for ellipsometry were prepared on silicon wafers as described previously. Thermogravimetric analysis (TGA) was performed using a Perkin-Elmer DSC-7 (PerkinElmer, Wellesley, MA). Resonance Raman spectra were taken with a Dimension-P1 Raman system (Lambda Solutions, Inc.) with 532 nm excitation. IR spectra were obtained using a Nicolet 6700 spectrometer utilizing the grazing angle accessory (Smart SAGA) at a grazing angle of 85°. X-ray diffraction (XRD) measurement was performed using Rigaku rotating Anode XRD with Cu KR generated at 40 kV and 100 mA, and a scanning speed of 0.2°/min. The mechanical properties of LBL films were tested using a Nanoinstruments NanoIndenter II model provided by MTS Nanoinstruments Inc., Oak Ridge, TN. A Berkovich-shaped indenter was used, and the hardness and elastic modulus (indentation modulus) were calculated and recorded from five different testing points. The analysis of nanoindentation data was performed using the Oliver and Pharr method, assuming a value of 0.25 for the Poisson's ratio of the film.
Brillouin light scattering (BLS) measurements were performed in backscattering geometry with an incident angle close to the surface normal, as described elsewhere. 70 In this geometry, light that scattered from phonons propagating in the near out-of-plane direction is collected at 180°from the incident beam as shown in Supporting Information Scheme S1. For thin-film samples, the light redirected from a reflective substrate and scattered from phonons propagating in the inplane direction, akin to the standard platelet geometry, can also be captured by the same collection optics, giving rise to the socalled 2R-peak. This geometry allows for the simultaneous measurement of the in-plane and out-of-plane elastic moduli. Samples were probed using a Coherent Verdi solid-state laser with a wavelength of 532 nm where the laser intensity illuminating the sample was less than 10 mW. The laser light was focused onto the sample with a focusing spot of ∼50 μm in diameter and 1 μm in depth. The scattered light was collected ARTICLE over a period of ∼30 min, and analyzed using a Sandercock 6 pass tandem FabryÀPerot interferometer. Several measurements were taken at different spots on the film in order to ensure reproducibility and film homogeneity. The density of ANFs film was estimated by weighing pieces of rectangular films with known dimensions.
